In this work, we investigate the n-dimensional charged static black hole solutions in the EinsteinAEther theory. By taking the metric parameter k to be 1, 0, and −1, we study the spherical, planar, and hyperbolic spacetimes respectively. Three choices of the cosmological constant, Λ > 0, Λ = 0 and Λ < 0, are investigated, which correspond to asymptotically de Sitter, flat and anti-de Sitter spacetimes. The obtained results demonstrate the existence of the universal horizon which traps any particle with arbitrarily large velocity. We analyze the horizon and the surface gravity of 4-and 5-dimensional black holes, and the relations between the above quantities and the electrical charge. It is shown that when the aether coefficient c13 or the charge Q increases, the outer Killing horizon shrinks and approaches the universal horizon. Furthermore, the surface gravity decreases and approaches zero in the limit c13 → ∞ or Q → Qe, where Qe is the extreme charge.
I. INTRODUCTION
As one of the cornerstones of modern physics, the principle of invariance of the speed of light implies Lorentz symmetry. Experimentally, superluminal particles have not been found, which strongly indicates that Lorentz symmetry is well reserved in the lower energy region. Nevertheless, in the developments of theoretical physics and astrophysics, more and more models and theories require the breaking of Lorentz invariance (LI) in the higher energy region. For example, the beta decay theory of Fermi [1] , and the Greisen-Zatsepin-Kuzmin cutoff in the study of high-energy cosmic rays [2] . Furthermore, the most notorious difficulty in general relativity is its nonrenormalizable because Einstein's gravity satisfies LI. As a result, it is impossible to describe gravity systems at Plank scale by general relativity. The quantum cosmology and the details of the very early universe (for example, the details of inflation of very early universe), for the most part, are still unknown to us. In addition, some models of dark matter also require the violation of LI [3] .
In order to construct a renormalizable gravity, Hořava proposed Hořava-Lifshitz (HL) gravity in 2009 [4] . In HL theory, the LI is broken, and the time derivative terms are not higher than second order, but the spatial derivatives contain up to 6th order terms and the renormalizability is achieved. However, the violation of LI only appears in the higher energy region, in the sense that the higher order spatial derivative terms are insignificant at the lower energy region, thus the HL theory is not in contradiction with today's physical experiments. Since the advent of HL gravity, the theory is plagued by some difficulties, such as strong coupling, instability and ghost problems. So some new physical conditions, such as the detailed balance condition and new scalar fields A and ϕ with U (1) symmetry, are introduced to handle the above difficulties. Our recent works have studied several versions of HL gravity which in principle avoid all the above difficulties [5, 6] , and it is shown that our model of HL passes the test of Post-Newtonian experiments [7] . It's worth noting that the work of [3] indicated that the constant term of projectable HL theory might be a dark matter candidate [3] .
Recently, it is shown that the HL theory becomes an effective Einstein-AEther theory at the lower energy region [8] , and this conclusion may greatly simplify the study of the HL gravity. Einstein-AEther theory also violates the LI, where superluminal particles are allowed. Therefore, these modified gravitational theories face a question in black hole physics: Do black holes still exist in those theories without LI? According to the modified gravity without LI, the Killing horizon can not be used to define a black hole because superluminal particles inside of Killing event horizon could still travel through the surface, and therefore escape from inside the Killing horizon. So, does it mean that the singularity will be exposed? Fortunately, Einstein-AEther theory introduce a khronon scalar, φ, which can play the role of time. In other words, φ can redefine physical time. It is further found out that Einstein-aether black holes have a universal horizon which can trap any particle with arbitrarily high velocity [9] [10] [11] . In our recent work, we considered the khronon scalar φ and aether vector u α (which is defined by φ) as the test field in normal black hole spacetimes, and redefined time by φ. We successfully prove that the universal horizon also exists for black holes of these gravitational theories [12] [13] [14] [15] .
It is understood that the investigation of EinsteinAEther black hole solutions are helpful to understand the arXiv:1704.06728v2 [gr-qc] 13 Jun 2017
properties of HL theory and other modified gravity. In this work, we study the static solutions of n dimensional Einstein-AEther gravity coupling with Maxwell field and discuss the universal horizon and surface gravity of those black holes. In section II, we introduce the action of Einstein-AEther-Maxwell theory and discuss the spherical, planar and hyperbolic solutions in asymptotically flat and (anti-)de Sitter spacetimes. In section III, we investigate the relations between universal horizon, Killing horizon, surface gravity and electrical charge in asymptotically flat spacetime. The conclusions are given in Section IV.
II. CHARGED STATIC SOLUTIONS OF EINSTEIN-AETHER THEORY
According to the Einstein-AEther theory, the properties of gravitational field are determined by the spacetime metric g µν and aether vector u α . In n-dimensional spacetime, the general action of Einstein-AEther-Maxwell theory reads [9] [10] [11] 16] ,
and 2) where,c 1 , c 2 , c 3 and c 4 1 are the coupling constants in aether Lagrangian L ae , and λ is Lagrange multiplier, so that u α satisfies the condition u β u β + 1 = 0. In fact, u µ can be defined by the khronon scalar field φ [18] :
where φ is a timelike scalar field, so this scalar can be used to redefine physical time. In [12] , we have shown that the speed of the khronon scalar is given by According to above action, one may obtain the gravitational field equation, aether field equation and Maxwell equation, found in [10, 11] .
In order to investigate the charged static black hole solutions, we consider the ansatz of the solutions given by
where ζ α is the Killing vector, and we can use the condition of u α to obtain
, −1 correspondents sphere, planar and hyperboloid spacetimes respectively, and dΩ 2 n−3 is the spherical metric.
In [11] , the exact solutions and their thermodynamics for n = 3 case was studied, so in what follows we will focus on n ≥ 4 case. First of all, it is easy to find the solution of the Maxwell equations: 6) where A c and Q are constant of integration in Maxwell equations. However, it is difficult to obtain the general solutions of the gravitational equation and aether equation, so we will discuss the case with c 14 = 0 and c 123 = 0 case respectively. When c 14 = 0 (c 2 φ → ∞), we find the solutions are given by 8) and r z , M a and B are constants. It is worth mentioning that V (r z ) = 0, so u α ∝ ζ α at r = r z . It is interesting to point out that when n = 4, k = 1, the above results can be reduced to the formula (5.1) in [10] .
On the other hand, when c 123 = 0 (c 2 φ = 0), it is convenient to calculate the solutions of F (r) and G(r), and V (r) is determined by G = F + V 2 . Therefore we obtain 2.10) and r U H , M b and β are constants. It is noted that when n = 4, k = 1, β = 0, the above results reduce to the formula (5.1) in [10] . According to the physical content of the universal horizon, we find that r U H is no other than the position of the universal horizon. What's more, refs. [12] [13] [14] have shown that the universal horizon should be between outer Killing horizon and inner Killing horizon in charged spacetimes, and this condition requests that universal horizon must coincide with the Killing horizon at extreme black hole case, namely
Therefore, we have the relation
In the next section, we will investigate horizons of the above spacetimes.
III. THE UNIVERSAL HORIZON AND SURFACE GRAVITY IN ASYMPTOTICALLY
FLAT SPACETIME
As explained before, it is understood that φ is a timelike scalar, and therefore it can be used to redefine the physical time. The universal horizon traps any particle with arbitrarily high velocity [9] [10] [11] [12] [13] [14] [15] , in the sense that the geodesics can not reach outside of universal horizon. It implies that black hole still exists in modified gravity with violation of Lorentz symmetry, and the Cosmic Censorship Hypothesis is still valid. In this section, we will study the universal horizon and compare it with the Killing horizon.
According to the definition of universal horizon r U H , which satisfies
The ansatz of static spacetime gives (3.2) and the surface gravity of universal horizon is [12, 13] 
On the other hand, the Killing horizon r KH satisfies ζ α ζ α | r=r KH = 0, namely (3.4) and the surface gravity at Killing horizon is
For the c 14 = 0 case, we can reduce 5 constants (r 0 , r U H , r KH , Q and Λ) to 4 independent parameters(r U ≡ r U H /r 0 , r k ≡ r KH /r 0 , Q 1/(n−3) /r 0 and Λr 2 0 ) (where r 0 = (2M a ) 1/(n−3) ), and r 0 κ KH and r 0 κ U H are the functions of the above new parameters.
Similarly, for the c 123 = 0 case, we also find that the 4 constants (r U H , r KH , Q and Λ) can be reduced to 3 independent parameters (r KH /r U H , Q 1/(n−3) /r U H and Λr In what follows, we will study asymptotically flat spherical spacetime with k = 1 and Λ = 0. The cases for asymptotically (Anti-)de Sitter spherical spacetime and for asymptotically Anti-de Sitter planar spacetime are given in the Appendix.
For a black hole, the most important surface is the horizon, but the definition of horizon can be challenged in the gravitational theory without LI. As discussed above, recent works [17] show the universal horizon can be used to redefine black hole even if the gravity allows the superluminal particles. Therefore, we will apply the above conditions to investigate the universal horizon, Killing horizon and surface gravity.
In asymptotically flat spacetime, the observer is at infinite r → ∞. The physics in our world requires u r to satisfy the condition u α | r→∞ ∝ ζ α | r→∞ , in static spacetime it means V (r)| r→∞ = 0 (3.6) so we choose r z → ∞ for the c 14 = 0 case and β = 0 for the c 123 = 0 case respectively. We show the relations between the horizon and the surface gravity in Figs.1,2,3 and 4 .
In Fig.1 , three curves above r U are the outer Killing horizons r h and, the others are the inner Killing horizons r i . So that r h , r i and the universal horizon satisfy the relation r i ≤ r U H ≤ r h and they coincide at extreme black hole case. Two Killing horizons approach the universal horizon as c 13 increases, and it implies that universal horizon would also coincide with outer and inner Killing horizon as c 13 → ∞. Fig.2 show the curves of surface gravity, and we find the surface gravity is smaller as c 13 increases. The two kind of surface gravity κ KH and κ U H vanish at extreme black hole case. The figures indicate that the surface gravity vanish too as c 13 → ∞, and it is the results when the three horizons coincide.
Similarly, for the c 123 = 0 case with fixed c 14 , from Fig.3 , we find that outer and inner horizon approach the universal horizon as c 13 increases, and it implies that the three horizons will coincide as c 13 → ∞.
The Fig.4 also show similar behaviour with the surface gravity of c 14 = 0 case: the larger c 13 leads to smaller κ KH and κ U H , and it is indicated that surface gravities vanish as c 13 → ∞.
IV. CONCLUSION
In this work, we investigated the black holes solutions of n-dimensional Einstein-AEther-Maxwell theory, and then analyzed the behaviour of the killing and the universal horizons. The present work generalized the studies of [9] [10] [11] , which correspond to specific solutions of Eq.(2.7) (for c 14 = 0) and of Eq.(2.9) (for c 123 = 0) as k = 1, Λ = 0, β = 0 and r z → ∞. Our study reveals that universal horizon exists in the higher dimensional black hole spacetimes.
Moreover, it is interesting to find that, in the modified gravitational theories, black hole still has extreme case, which is defined by Eq.(2.11). And the universal horizon coincides with the killing horizon at such extreme condition so that the surface gravities κ U H and κ KH vanish. Mathematically, one has F (r U H ) = G(r U H ) = 0 at extreme case, and it requires V (r U H ) = 0, so
This result implies that the black hole's temperature T = κ/2π equals 0 at such extreme case. If one can prove that "It is not possible to form a black hole with vanishing Temperature", (or "vanishing surface gravity is not possible to achieve"), it signifies that the Third Law of black hole thermodynamics is true for the case of black holes with universal horizon. When the electrical charge Q is larger than Q e of extreme case, one has F > 0, and G = F + V 2 > 0, so that the universal horizon vanishes, which would result in a Naked singularity. It is prohibited by the Cosmic Censor Conjecture [23] .
As a matter of fact, few real black holes in our universe might be absolutely stationary, so it is essential to investigate rotational black hole solutions, and we plan to carry out such study in the near future. In asymptotically de Sitter spacetimes, the position r → ∞ is a singularity, and nobody can stay at this point, so the condition u α | r→∞ ∝ ζ α | r→∞ is not necessary. It means that we don't need the conditions r z → ∞ for the c 14 = 0 case and β = 0 for the c 123 = 0 case.
In charged de Sitter spacetimes, black holes have 3 Killing horizon: outer Killing horizon r p , inner Killing horizon r i and cosmological Killing horizon r C , and the relation between the Killing horizon and the universal horizon is given by r i < r U H < r p < r C .
We show the relation between horizon and surface gravity with r z = 3r 0 , 10r 0 , ∞ and β = 0, 1, 10 in Figs.5-8.
B. Asymptotically Anti-de Sitter spherical spacetime k = 1 and Λ < 0 Anti-de Sitter spacetime implies negative Λ, and this spacetime plays an important role in the research of modern theoretical physics, owing to the correspondence between Anti-de Sitter and conformal field theory (AdS/CFT correspondence). Therefore, it is meaningful to study the Anti-de Sitter black hole in Einstein-AEther theory.
In asymptotically Anti-de Sitter spherical spacetimes, because of the same reason for de Sitter case, we don't need the conditions r z → ∞ at c 14 = 0 case and β = 0 for the c 123 = 0 case. We show the relation between horizon and surface gravity with r z = 3r 0 , 10r 0 , ∞ and β = 0, 1, [10] [11] [12] The results of de Sitter black hole and anti-de Sitter black hole show that the properties of at (anti-)de Sitter spacetimes are very similar to those of asymmetrically flat case. However, it is interesting that the electrical charge values of the extreme case are different as β = 0.
C. Asymptotically Anti-de Sitter planar spacetime k = 0 and Λ < 0
Another well-known black hole solution is the Anti-de Sitter planar case, and it is very convenient to apply this spacetime to investigate holographical superconductor, which is an application of AdS/CFT Correspondence [13, [19] [20] [21] [22] . In this section, we investigate the planar black hole of Einstein-AEther theory.
In asymptotically Anti-de Sitter Planar spacetime, we show the relation between the horizon and surface gravity with r z = 3r 0 , 10r 0 , ∞ and β = 0, 1, 10 in Figs.13-16 . 
